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Freeways have become the main subject of energy conservation reviews in China because of their large
energy consumption. Decomposition analysis has been widely applied in energy consumption studies.
However, most studies have only analyzed the driving forces of energy consumption on the national
level, and seldom at smaller levels, e.g. for departments like toll stations and maintenance centers. Based
on the characteristics of the freeway operation period, this paper serves as a preliminary attempt at
applying the logarithm mean Divisia index method I on the department level to analyze the energy
consumption of freeways during the operation period. To elucidate the evolution of energy consumption
during the operational period, the logarithm mean Divisia index analysis was performed to disentangle
the energy consumption based on a real case in Guangdong from 2005 to 2013. The analyses establish
that the trafﬁc volume inﬂuences energy consumption. The results show that some departments can
inﬂuence the total energy consumption. For example, the tunnels and toll stations are key factors that
inﬂuence the total energy consumption of the whole road. The decomposition in the departments
revealed that energy efﬁciency improvements caused by the use of alternate materials and energy-saving
technologies mainly contributed to energy conservation.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The transportation sector is an industry that consumes re-
sources and energy. According to relevant statistical data, the en-
ergy consumption related to the transport, storage, and postal
industries in China was 7.47% of the country's total consumption in
2005, which increased to 8.2% by 2011 [1]. With increased infra-
structure development and trafﬁc volumes, the transportation
sector has emerged as the second largest energy consumer in
China. Data from the Chinese statistical yearbook [1] (Fig. 1) shows
that the constructed mileage of freeways has increased greatly
since 1988, when freeway construction began. In addition, since
freeways are a type of independent toll-road in China, many facil-
ities and huge manpower input are required for the daily mainte-
nance of freeways to ensure vehicular safety. For one of the; SDA, structural decomposi-
; AC, asphalt concrete; PCC,
rced concrete pavement; CIP,
du.cn (D. Li).
Ltd. This is an open access article ufreeways in China, Ting and Wei reported that the total energy
required for operating the lighting system in 9 tunnels was
395.3  104 kWh/year [2]. Moreover, Shang et al. reported that the
energy required per kilometer for maintenance of a four-lane
freeway with a PCC (Portland cement concrete) pavement during
its operation is 7.119  106 kcal/t [3]. Compared with the con-
struction and recycling periods, the operation period is character-
ized by long-term, variable, and heavy consumption, which makes
it very important in the study of freeway energy consumption.
Therefore, evaluating the energy consumption related to trans-
portation, especially that related to the daily operation and man-
agement of freeways, has become necessary.
However, due to a lack of standardized energy consumption
indexes and computationmethods, evaluating energy consumption
by freeway management is difﬁcult. Therefore, the characteristics
of energy consumption must be urgently studied and appropriate
computation and evaluation methods must be selected to support
both the evaluation of freeway management energy consumption
and work related to censoring for energy conservation.
For controlling and mitigating energy consumption, an effective
analysis of the factors inﬂuencing consumption, including trafﬁc
volume, maintenance strategy, and technological changes, is
required. Nowadays, decomposition analysis is widely applied innder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Constructed mileage of freeways in China by year.
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decomposition analyses can be classiﬁed into IDA (index decom-
position analysis), SDA (structural decomposition analysis), shift
share analysis, growth accounting analysis, etc. [4]. SDA and IDA
have been extensively applied to analyze the driving forces of
changes in an aggregate indicator. SDA is used primarily by re-
searchers who are familiar with inputeoutput analyses and wish to
extend it to the study of changes in energy consumption or emis-
sions. IDA is often used by energy researchers for better under-
standing the driving forces of energy use and energy-related
emissions in a speciﬁc energy consumption sector, such as trans-
portation or manufacturing sector [5]. Ang and Zhang provided
details on two kinds of IDA methodologies, viz. the Laspeyres index
decomposition analysis and Divisia index decomposition analysis
[6]. Each IDA can be applied in a period-wise or time-seriesmanner.
A period-wise analysis compares indices between the ﬁrst and the
last year of a period, for a given country, region, manufacturing
sector, etc. A time-series analysis involves yearly decomposition
using time-series data, and its results show how the impact of pre-
deﬁned explanatory factors evolves over time [7].
In 2003, by giving a more complete and up-to-date overview of
perfect decomposition techniques and their roles in energy de-
mand and related analysis, Ang et al. concluded that the LMDI
(logarithm mean Divisia index) methods, in particular LMDI I, have
several advantages over the other perfect decomposition methods,
in terms of ease of application and ﬂexibility [8]. In 2004, after an
overview of the application and methodology development of
decomposition analysis, Ang discussed the properties of the
developed methods and concluded by recommending the multi-
plicative and additive LMDI I methods due to their theoretical
foundation, adaptability, ease of use, and result interpretation [9].
Choi and Ang examined the possible link between the ratio mea-
sure and the difference measure, including their decomposition
techniques and a unique pair of decomposition formulae [10]. Ang
and Choi showed that the zero values may be replaced by a small
number d, and that converging results were obtained when d ap-
proaches zero [11]. In the face of arguments about the “zero values”
byWood and Lenzen [12], Ang and Liu compared the two strategies
and extend their earlier research by generalizing the analytical
limits of LMDI [13].
In recent years, more research has been devoted to applying
decomposition analysis to better understand the driving forces ofenergy consumption and energy-related emissions in trans-
portation. Saidur et al. proposed useful energy and energy analysis
models for different modes of transport in Malaysia and compared
the result with those obtained from a few other countries [14].
Andreoni and Galmarini used decomposition analysis to investigate
the carbon dioxide emission intensity, energy intensity, structural
changes, and economic activity growth effects for the water and
aviation transport sectors [15]. In China, Zhang et al. identiﬁed the
relations between transportation energy consumption and its
related factors using the LMDI [16]. Li et al. developed a two-phase
decomposition model to quantitatively analyze the driving forces
behind increases in passenger transport energy consumption in
Guangzhou, Beijing, and Shanghai [17]. Zhang et al. used a new
decomposition model based on LMDI method to analyze China's
passenger transport energy in mega-cities [18]. Chang et al. used
the LMDI method to analyze energy consumption related to inter-
city passenger transport in China [19]. Wang et al. discussed and
analyzed the current status of transport-related energy consump-
tion in China, including four different transport sub-sectors: roads,
railways, waterways, and civil aviation, and outlined the energy
consumption trends in these sub-sectors. They also evaluated the
technological status and development direction of energy conser-
vation in these sub-sectors [20]. Kang et al. performed a multi-
sectoral decomposition analysis to disentangle the greenhouse
gas emissions in Tianjin from 2001 to 2009 [21].
However, as is evident above, most studies have only analyzed
the driving forces of energy consumption at the national level;
few studies have focused on energy consumption at the depart-
mental level, such as toll stations and maintenance centers, in the
road sub-sector. For department-level management, a more
detailed analysis of the sector and sub-sector dimensions is
needed. Based on the characteristics of the freeway operation
period, this paper discusses a preliminary attempt at applying the
LMDI method to analyze freeway energy consumption during
operation from 2005 to 2013, to elucidate the factors inﬂuencing
energy consumption.
The remainder of the paper is organized as follows. Section 2
presents the related factors, and proposes the LMDI model for
decomposing the changes in aggregate energy consumption in
freeways over time. Section 3 presents the data source. In Section 4,
the main results of the decomposition analysis are reported. Sec-
tion 5 discusses the inﬂuence of materials and technology on the
D. Li, D. Wang / Energy 97 (2016) 296e305298quality and decomposition of freeways. Section 6 concludes the
study and provides several suggestions for future research.2. Methods
2.1. Analysis of related factors
Analysis of the features of the freeway management operation
period revealed that the number and scale of the facilities over the
entire freeway are ﬁxed and do not change over long periods after
the freeway is built and put into use. However, the energy con-
sumption still ﬂuctuates every year. Consequently, we argue that
the number and scale of facilities have little inﬂuence on the ﬂex-
ibility of daily management operational energy consumption.
The climate may not only increase electricity consumption, but
may also lead to an increase in the amount of energy required for
infrastructure repair, including repair of pavement and retaining
wall. However, the change in climate conditions is a complex,
random process and the durations of atrocious weather inﬂuence
are short. Consequently, this paper ignores the direct impact of
climate, and speciﬁcally the relationship between temperature and
energy consumption.
The operation costs and proﬁts of an freeway depend on its
trafﬁc volume. The present operational state suggests that some
key energy-consuming facilities of the freeway are not open
throughout the day, even though the freeway operates throughout
the day; the business hours of such facilities are adjusted according
to trafﬁc volume. For example, not all the tollgates of a toll station
remain open all day and the station's management department
chooses to open or close the driveways depending on trafﬁc vol-
ume. Hence, trafﬁc volume is chosen as a key factor that inﬂuences
freeway energy consumption during the operation period. Since the
statistical data obtained from the freeway management depart-
ment is based on vehicle classiﬁcation, this paper converts it into
trafﬁc data versus standard cars based on the deﬁnition of vehicles
in China's “Technical Standard of Highway engineering”.
The maintenance center is also responsible for the maintenance
of structures along the road. Repairing damaged structures in-
creases energy consumption because of the energy costs associated
with building material consumption, which involves raw material
extraction as well as material manufacture and transport. For
conserving energy, recycled materials have replaced traditional
materials in recent years. Apart from the use of recycled materials,
energy-saving technologies can also help in easing environmental
pressures.
To sum up, the trafﬁc volume, materials, and technology are
considered themain factors inﬂuencing energy consumption in this
article.2.2. Estimation of energy consumption during freeway operation
The decomposition analyzing model used in this study was set
up based on the practical guide on LMDI I by Ang [22].
The following formula is used to estimate the energy con-
sumption of the freeway during operation. The total energy con-
sumption of all management departments in year t is deﬁned as:
Et ¼
Xn
i¼1
Eti ¼
Xn
i¼1
Eti
vti
 v
t
i
Vt
 Vt ¼
Xn
i1
Iti  Sti  Vt (1)
Et e the total freeway energy consumption in year t (MJ);
Eti e the total energy consumption of freeway department i in
year t (MJ);vti e the total trafﬁc volume served by freeway department i in
year t (standard car);
Vt e the total trafﬁc volume of the entire freeway in year t
(standard car);
Iti e the energy intensity of freeway department i in year t (MJ/
standard car).
It shows the effects of the technological development and the
variation in the energy availability ratio on the variation in yearly
energy consumption. This index is the inverse index of energy ef-
ﬁciency. The greater the value of this index, the greater is the en-
ergy consumption per standard car. Furthermore, the faster this
index decreases, the faster the energy efﬁciency increases. It also
reﬂects the degree of dependence of the highway services on
energy.
Iti ¼
Eti
vti
(2)
Sti e the ratio of the trafﬁc volume of the ith department to
that of the entire freeway. It reﬂects the activity share effects that
can inﬂuence energy consumption. This index shows how the
ﬂuctuation of the ratio of the trafﬁc for different departments to
the total yearly trafﬁc impacts the variation in energy
consumption.
Sti ¼
vti
Vt
(3)
According to LMDI I, we get:
DEtot ¼ Et  E0 ¼ DEint þ DEstr þ DEact ½22 (4)
DEtot is the change in the total energy consumption between the
basis year “0” and the expecting year “t”. It can be divided into three
impact factors:
1) DEint e The changes in the energy intensity effect.
DEint ¼
X
i
Eti  E0i
ln Eti  ln E0i
ln
 
Iti
I0i
!
½22 (5)2) DEstr e The changes in the trafﬁc volume activity structure
effect
DEstr ¼
X
i
Eti  E0i
ln Eti  ln E0i
ln
 
Sti
S0i
!
½22 (6)3) DEact e The changes in the trafﬁc volume activity effect.
DEact ¼
X
i
Eti  E0i
ln Eti  ln E0i
ln

Vt
V0

(7)
For the above factors, the positive value indicates an increase in
energy consumption, while a negative value indicates a decrease in
energy consumption.
All the computations of different effects are based on year-to-
year analysis.
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The data used for the analysis was obtained from the south-
enorth trunk freeway management corporation of Guangdong
province. The data show the main energy consumption (such as
electricity, oil, gas, coal, and water) of different departments,
including themanagement center, staff areas, maintenance centers,
tunnels, toll-station, and service areas, from 2005 to 2013.
The conversion of the data is based on the standard coal refer-
ence coefﬁcient between different energy sources and the energy
equivalent value of the energy-consumed medium (shown in
Tables 1 and 2) presented in a previous report [23].
So far, there is no standard for the building materials consumed
by the maintenance center. Under these circumstances, the papers
published by Zapata and Gambatese in 2005 [24], Dorchies in 2008
[25], and Zhiqi et al., in 2004 [26] are used as the reference. Under
the proposed conditions, the unit of energy consumption of asphalt
concrete and reinforced concrete is used for conversion, as shown
in Table 3.
With this conversion, the synthetic total energy consumption of
each year from 2005 to 2013 is shown in Table 4.4. Results and analysis
Fig. 2 shows an increase in the change of total energy con-
sumption over the entire road. Different varieties of total energy
consumption reached positive values in 2007, 2009, 2011, and 2012,
indicating an apparent increase of the energy consumption
compared to the year before. Fig. 3 shows that the major contrib-
utors to the change of total energy consumption were energy in-
tensity in 2012 and 2009, activity of the total trafﬁc volume in 2007
and 2013, and trafﬁc volume activity structure effect in 2011. The
change of total energy consumption over the entire road became
negative in 2008, 2010, and 2013, indicating a decrease in energy
consumption compared to the previous year. Fig. 3 shows that the
change of total energy consumption was inﬂuenced by the inter-
action of the activity effect and the activity structure effect in 2008,
while in 2010, it was inﬂuenced by the interaction of the activity
structure effect and the energy intensity effect.
The energy intensity effect reached positive values in 2008,
2009, and 2012, indicating that the energy efﬁciencies were poor in
these three years. Fig. 4 shows that in 2008 and 2009, the energy
intensity effect was mainly inﬂuenced by the low efﬁciency of the
tunnels and themaintenance centers; however, the inﬂuence of the
maintenance centers was smaller in 2009 than in 2008. In 2012, the
energy intensity effect was mainly inﬂuenced by the low efﬁciency
of the toll station. The energy intensity effect reached negative
values in 2007, 2010, and 2011, indicating that the energy efﬁ-
ciencies were good in these three years. Fig. 4 shows that the
tunnels, the service areas, and the maintenance centers positively
inﬂuenced the energy efﬁciency in 2011, the tunnels being theTable 1
Standard coal reference coefﬁcient between different energy sources.
Name of energy source The average net c
Raw coal 20,908 kJ/kg (500
Crude oil 41,816 kJ/kg (10,
Gasoline 43,070 kJ/kg (10
Kerosene 43,070 kJ/kg (10,
Diesel oil 42,652 kJ/kg (10,
Liqueﬁed petroleum gas 50,179 kJ/kg (12,
Associated-dissolved gas 38,931 kJ/m3 (93
Natural gas 35,544 kJ/m3 (85
Electric power (energy caloriﬁc value) 3600 kJ/(kWh) [8strongest contributor, followed by the maintenance centers and the
service areas. With the completion of the reformation for saving
energy, the tunnels had positive effects on the energy efﬁciency in
2013.
The activity structure effect reached positive maximum in 2011,
indicating that the unbalanced distribution of trafﬁc volume pro-
motes the total variation of energy consumption. The departments
and sub-departments that serve more trafﬁc volume are respon-
sible for the increase in total energy consumption. The activity
structure effect reached negative maximum in 2009; it was also
negative in 2006, 2007, 2008, 2010, and 2013. This indicates that
the inﬂuence of the unbalanced distribution of trafﬁc volume is
smaller than in previous years. Fig. 5 shows that the effect was
mainly inﬂuenced by the tunnels in 2006, 2007, 2008, 2009, and
2011, by the service areas and the toll station in 2010, and by the
interaction of the toll station and tunnels in 2013.
The trend of the effect agrees well with yearly changes in total
trafﬁc. The trafﬁc volume activity effect increased with increasing
trafﬁc volume in 2007 and 2010. The effects were positive in these
two years and promoted the total energy consumption effect. The
trafﬁc volume activity effect also decreased with decreasing trafﬁc
volume and restricted the promotion of the total energy con-
sumption effect. Fig. 6 supports the claim that each year, this effect
is mainly inﬂuenced by the tunnels and the toll stations, and also by
the service areas.
Fig. 7 shows that the tunnels and the toll stations contribute
most to the total variation effect of energy consumption, followed
by themaintenance centers. The remaining sequence of inﬂuencing
departments is service areas, staff areas, and management center.5. Discussion on the changes caused by materials and
technology
The energy consumption of freeway operational management
mainly comprises the consumption of materials and energy in the
operation of all the departments. Since discussion on ofﬁce supplies
and domestic waste are beyond the scope of this study, the oper-
ational material consumption mentioned herein mainly refers to
the building materials consumed in the maintenance of engineer-
ing facilities along the freeway.
Freeway maintenance is material-intensive, commonly
requiring large quantities of materials. AC (Asphalt concrete) and
PCC pavements are the most common pavement materials used for
freeways, AC being the primary choice for freeways in China. For
both PCC and AC, the following materials are involved in the con-
struction andmaintenance of freeways: crushed stone, gravel, sand,
Portland cement, steel re-bar, asphalt binder, water, etc. These
traditional building materials require high energy consumption
during construction and maintenance. According to Horvath and
Hendrickson, the construction of a 1-km section of a typical two-
lane freeway requires 7.0  106 MJ of energy for asphaltaloriﬁc value Folding of standard coal coefﬁcient
0 kcal/kg) 0.7143 kgce/kg
000 kcal/kg) 1.4286 kgce/kg
300 kcal/kg) 1.4714 kgce/kg
300 kcal/kg) 1.4714 kgce/kg
200 kcal/kg) 1.4571 kgce/kg
000 kcal/kg) 1.7143 kgce/kg
10 kcal/m3) 1.3300 kgce/m3
00 kcal/m3) 1.2143 kgce/m3
60 kcal/(kWh)] 0.1229 kgce/(kWh)
Table 2
Energy equivalent value of the energy-consumed medium.
Category Energy consumption per unit of the energy-consumed medium Standard coal reference coefﬁcient
Fresh water 2.51 MJ/t (600 kcal/t) 0.0857 kgce/t
Table 3
Energy consumption of some construction materials.
Category Energy consumption (MJ/t) Source
Cement 3227 Zhiqi, 2004
Emulsiﬁed asphalt 3490 Eurobitume
Coarse aggregate 24 H€akkinen and M€akel€a, 1996
Fine aggregate 53 NCSA, 1977
Steel 19,000 Stubbles, 2000
Petroleum asphalt 4900 Eurobitume
Table 4
Yearly total energy consumption during the operation period for some freeways.
Year Comprehensive energy consumption (MJ) Volume of trafﬁc (standard car)
2005 11,55,59,245.3 12,200,300
2006 11,64,94,826.5 12,090,908
2007 12,66,61,194.5 13,967,130
2008 11,98,93,872.6 13,234,661
2009 12,30,86,797.1 12,476,952
2010 11,92,06,869.6 13,589,217
2011 12,52,17,066.9 13,783,082
2012 15,41,54,273.2 13,507,649
2013 14,60,63,412.8 12,852,076
Fig. 2. The division of the total energy consumption effect of the entire freeway from 2005 to 2013.
D. Li, D. Wang / Energy 97 (2016) 296e305300pavement, and 5.0  106 MJ for CRCP (continuously reinforced
concrete pavement) [27]. Zapata et al. reported that the volume and
type of trafﬁc, the maintenance strategy for the roadway, and the
environmental conditions inﬂuence the service life of a pavement
[24]. Therefore, the energy consumption during maintenance is
related to these factors.
For this paper, 2008 was the year of planned maintenance with
higher consumption of building materials than the other years.
Therefore, the maintenance center experienced relatively high
energy consumption (Table 5), but low energy efﬁciency. Between
December 2009 and January 2010, the freeway suffered ice disaster,
during which themanagement company adoptedmechanical snowshoveling. This damaged most of the surface of the 100-km section
under consideration, and the subsequent overall repair increased
the consumption of both building materials and energy. On the
other hand, due to the ice disaster and the lower trafﬁc ﬂow of 2008
(compared with 2007), the energy efﬁciency of the maintenance
center was the lowest (Fig. 8).
For energy conservation and environmental sustainability, ma-
terials including industrial by-products, concrete aggregates, oldasphalt pavement, scrap tires, ﬂy ash, steel slag, and plastics are
often used as alternative materials for natural aggregates.
Zapata and Gambatese et al. report that if part of the cement
in PCC is replaced by ﬂy ash, a byproduct of coal combustion,
energy consumption is drastically reduced. If the cement con-
tent is reduced from its original value of 12 wt% to 8 wt%, the
energy consumption drops from 4.58  106 to 3.64  106 MJ
(20.5% reduction) [24]. In China, Geng and Chen's investigation
showed that road constructed with ash from the bottom of
municipal solid-waste incinerator replacing 51% natural gravel
saves 51% electricity consumption and 41% diesel consumption
[28].
Fig. 3. The percentage contribution of each effect for the whole road.
Fig. 4. The percentage contribution to total DEint of each department of DEint.
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also energy-saving. Pavement surface recycling technologies,
especially, CIP (cold in-place) recycling, can reduce energy con-
sumption by eliminating the need to heat and haul materials. Gao
reported that according to a study in Chongqing, China, CIP recy-
cling reduced raw material usage by 14.08%. Furthermore, the
heating required for mixingmaterials accounts for 97.2% of the total
energy consumption for regular hot-mixed asphalt [29]. Other
technologies also play important roles in the management of
freeway operation in terms of energy conservation. Yang concluded
that the air-conditioning load for the building-integrated photo-
voltaic thermal systems wall of the control center can be reduced
by 4.48 MWh, a reduction of 4.15% [30]. Chu and Zhu reported that
an improved ventilation device, an improved ventilation method,
and a new ventilation control technology can be applied for energy
conservation in freeway tunnel ventilation [31]. Zhang and Wang
reported that the calculated life cycle beneﬁt from reusing the
tertiary efﬂuent for water saving amounted to 1598.4 106MJ [32].The tunnels of the freeway studied herein have been
improved for saving energy for lighting since 2011; however,
LED (light-emitting diode) lamps were chosen over the original
normal lamps for reducing construction difﬁculties, shortening
construction period, and improving the tunnel construction
safety. The 400-W, 250-W, and 100-W sodium lamps were
replaced with 160-W, 80-W, and 40-W LED lamps, respectively.
The whole renovation project comprised three phases: phase 1
involved the experimental renovation of 566 sets of lamps of the
WenQuan tunnel (the shortest tunnel) in August 2011, phase 2
involved the renovation of 2558 sets of lamps of the YangPeng
and WuKengBa tunnels in November 2012, and phase 3 involved
the renovation of 3360 sets of lamps of the MeiZiAo, PiShuan-
gAo, and PingShi tunnels in December 2013. After the WenQuan
tunnel renovation in 2011, the energy consumption reduced by
1.004839  106 MJ (Table 6). Although the energy consumption
values of the other tunnels were similar to or slightly higher
than the values recorded in previous years, considering the
Fig. 5. The percentage contribution to total DEstr of the DEstr of each department.
Fig. 6. The percentage contribution to total DEact of the DEact of each department.
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previous years (Table 7), the energy efﬁciency of this year
increased signiﬁcantly (Fig. 9). Inﬂuenced by the tunnels (Fig. 4),
the energy efﬁciency of the entire freeway section also increased
signiﬁcantly in 2011 (Fig. 2). From 2011 to the completion of
lighting renovation in 2013, the comprehensive energy con-
sumption by the tunnels has reduced, while the energy efﬁ-
ciency has increased annually (Fig. 9).
As demonstrated above, changes in building materials and
technologies signiﬁcantly inﬂuence the operational energy
consumption of freeways. The analysis models proposed in
this paper reﬂect such changes ingeniously, thus providing
timely and clear basis for making decisions on freeway
management.6. Conclusions and suggestions
To better understand the evolution of energy consumption, this
paper chose a real project in GuangDong as a case study and
elucidated the energy consumption by LMDI (logarithm mean
Divisia index) method I analysis. It should be noticed that ofﬁce
supplies and domestic waste are not considered in this study
because of insufﬁcient statistical data. Since the analysis of building
materials and conventional energy also helps the company manage
energy consumption, the results of this study are still necessary and
signiﬁcant. Our ﬁndings suggest the following guidelines:
(1) This paper serves as a preliminary attempt at applying the
LMDI method I on the departmental level to analyze the
Fig. 7. Annual percentage contribution to total DEtot of the DEtot of each department.
Table 5
Annual comprehensive energy consumption and total annual trafﬁc ﬂow in the operation period of an freeway maintenance center.
Year Annual comprehensive energy consumption value (MJ) Total annual trafﬁc ﬂow (standard car)
2005 4,001,072 12,200,300
2006 3,281,045.2 12,090,908
2007 6,521,287.6 13,967,130
2008 9,573,160 13,234,661
2009 15,239,387.6 12,476,952
2010 11,863,110.8 13,589,217
2011 6,546,403.6 13,783,082
2012 6,422,764 13,507,649
2013 10,530,812 12,852,076
Fig. 8. The division of the energy consumption effect of maintenance center in 2005e2013.
D. Li, D. Wang / Energy 97 (2016) 296e305 303energy consumption of freeways management during the
operation period. The aforementioned data analysis of the
entire road shows that the changes of total energyconsumption depend on the developing trend of the total
trafﬁc. Furthermore, the variation in activity structure effect
shows that the distribution of trafﬁc volume in different
Table 6
Annual comprehensive consumption of all tunnels.
Year Annual comprehensive consumption of all tunnels (MJ)
ShiMenAo tunnel WenQuan tunnel WuKengBa tunnel YangPeng tunnel PiShuangAo tunnel MeiZiAo tunnel PingShi tunnel
2005 8,494,668 1,407,061 9,167,351 13,724,637 2,321,172 2,473,410 1,810,452
2006 8,351,957 1,549,476 9,502,355 13,325,350 2,248,078 2,677,500 1,861,488
2007 9,071,957 1,502,683 9,790,355 14,657,350 2,478,917 2,641,500 1,933,488
2008 7,653,542 1,646,683 8,216,723 13,505,350 1,758,917 1,921,500 1,213,488
2009 7,144,509 1,501,683 7,861,907 13,434,199 2,477,917 264,000 1,934,488
2010 7,427,325 1,502,683 8,144,723 13,011,718 2,478,917 2,641,500 1,934,338
2011 8,964,457 497,844 9,714,967 14,494,622 2,484,194 2,624,008 1,895,360
2012 8,340,548 483,893.8 8,826,359 13,557,026 2,273,304 2,427,749 1,775,470
2013 9,068,396 495,903.6 2,345,429 7,705,796 2,472,120 2,645,446 1,936,382
Table 7
The trafﬁc ﬂow of all tunnels.
Year The trafﬁc ﬂow of all tunnels (standard car)
ShiMenAo tunnel WenQuan tunnel WuKengBa tunnel YangPeng tunnel PiShuangAo tunnel MeiZiAo tunnel PingShi tunnel
2005 6,427,612 5,945,542 5,945,542 5,945,542 11,196,916 11,196,916 5,622,741
2006 7,448,405 8,082,563 8,082,563 8,082,563 9,922,173 9,922,173 5,090,362
2007 8,303,358 8,491,095 8,491,095 8,491,095 11,830,813 11,830,813 5,875,447
2008 6,749,789 6,442,149 6,442,149 6,442,149 8,816,341 8,816,341 6,277,498
2009 5,571,183 4,861,815 4,861,815 4,861,815 6,088,071 6,088,071 4,925,218
2010 5,925,347 5,681,241 5,681,241 5,681,241 5,643,494 5,643,494 5,473,403
2011 11,226,859 10,976,501 10,976,501 10,976,501 10,922,693 10,922,693 10,354,439
2012 11,202,504 10,914,698 10,914,698 10,914,698 10,835,746 10,835,746 10,099,198
2013 10,118,873 9,852,637 9,852,637 9,852,637 9,972,928 9,972,928 9,229,972
Fig. 9. The division of the energy consumption effect of tunnel from 2005 to 2013.
D. Li, D. Wang / Energy 97 (2016) 296e305304departments also inﬂuence the total energy consumption.
Hence, we can conclude that trafﬁc volume activity is the
most important factor contributing to energy consumption
of freeways management during their operation period.
However, the speciﬁc quantitative relationship between
them needs further study based on sufﬁcient statistical data.
(2) The discussion on the changes caused by materials and
technology (Section 5) shows that energy efﬁciency im-
provements caused by alternative materials and energy-
saving technologies mainly contributed to the energy
conservation.
(3) The decomposition results imply that the tunnels and the toll
stations are the key factors inﬂuencing the total energy
consumption. The maintenance centers and the service areas
are secondary factors.Since there is inadequate research on the energy consumption
of basic construction materials, there is no accurate and complete
life-cycle assessment database for construction materials in China.
The accuracy of the ﬁnal statistical value of energy consumption of
constructionmaterials is limited because the only reference studies
were performed overseas. To manage and calculate the energy
consumption of freeways in a more accurate and objective manner,
there is urgent need for developing and perfecting research in this
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